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ABSTRACT. Acoustic dissipation studies were undertaken

using a subscale, cold-flow rocket motor model to de-

termine the effect of purely geometric variables on the

acoustic performance leading to axial mode combustion

instability. Cold air served as the working fluid to

simulate the internal flow and to obtain a critical

nozzle throat condition. Using interchangeable metal

parts, it was possible to simulate the geometry of a

cylindrical-bore grain at various real motor burn times

and also to vary the nozzle throat diameter. The re-

sults confirmed the speculation that, for practical

motor designs, the radiation of acoustic energy through

the nozzle is the largest source of loss for the axial

mode and increases with the J of the motor. In view of

the change in J with time during burning, this loss can

vary conspicuously during the motor burn time.
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NOMEN CLATURE

A
c

A
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At

a _

c

D
c

Dt

E

f
o

fl ' f2

Af

J

k

L

M

P

Pl ' P2

Pr

2
Area of grainport channel, m

2
Area of porous plate, m

2
Nozzle throat area, m

Critical Nozzle velocity, m/sec

Velocity of sound = f _, m/sec

Diameter of grainport channel, m

Diameter of nozzle throat, m

Mean acoustic energy density, Joules/m 3

Time average rate of acoustic energy loss, Joules/sec

First mode resonant frequency, cps

IIalf-power frequencies, cps

Half-power bandwidth = f2 - fl' cps

Ratio of nozzle throat area to grain port area

-1

Wave number = 7' m

Length of motor chamber, m

Mechanical mass, kg, or acoustic inertance, kg/m 4

Acoustic or AC pressure (p-to-p), n/m 2

Acoustic or AC pressure at points 1 and 2, n/m 2

Prandtl number

v
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Mechanical resistance, kg/sec, or acoustic resistance,

kg/m 4 sec

Time, sec

Time at points 1 and 2, sec

Amp of instantaneous acoustic velocity, m/sec

Amp of acoustic velocity at vibrating piston, m/sec

Steady-state or mean chamber gas velocity, m/sec

Time average velocity of gas entering model chamber, m/sec

-1
Temporal damping constant, sec

-i
Temporal damping constant of nozzle, sec

Maximum value of damping due to molecular relaxation at

given frequency and temperature, sec -I

_th

v

w

Y

0

o

U

-i
Damping constant due to thermal bulk effects, sec

-i
Damping constant due to viscous bulk effects, sec

Damping constant due to heat transfer and viscous effects
-i

at walls, sec

Ratio of specific heats

Logarithmic damping decrement = a/f
o

Ratio of initial to final amplitude

Wavelength, m

Steady-state or mean gas density, kg/m 3

Angular frequency, radians/sec

Angular resonant frequency, radians/sec

n sec
Viscosity, m_
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INTRODUCTION

The most prevalent form of unstable combustion in rocket motors,
aptly termed acoustic instability, involves gas oscillations having the
frequencies and other physical characteristics associated with one or
several of the acoustic modesof the motor cavity. Experimental re-
search has shownthat pressure variations in the rocket motor are amp]i-
fied by the combustion zone near the propellant surface (Ref. i).
Control of acoustic instability maybe achieved by lowering the "ampli-
fication factor" of the combustion zone (i.e., changing the propellant)
or by increasing the acoustic losses of the motor cavity (i.e., changing
the internal geometry of the motor). The present work reports the re-
sults of an experimental program to determine the effect of motor geom-
etry and operating conditions on these acoustic losses.

In a previous experiment, equipment and techniques were developed
for experimentally determining the acoustic characteristics of model
motor cavities having a number of internal area changes, cavities,
projections, and other geometrical complexities (Ref. 2). In the
present case, the primary concern is with the geometrically simpler
problem of determining the relation between the acoustic losses in
axial modes and the J value of the cavity (the ratio of the nozzle
throat area to the propellant grain port area). Other things being
equal, a geometry having high acoustic losses in the natural acoustic
modesof the combustion chambershould result in relatively stable
combustion.

The experimental method used consisted of introducing an acoustic
source into a model motor and observing the sound levels of the axial
moderesonances during a "firing." Cold, high pressure air was used to
simulate the propellant gas flow in the mode]. This flow wasmain-
tained so as to bring the model chamberto a pressure sufficient to
obtain sonic flow at the nozzle, thereby assuring a downstreamacoustic
boundary condition similar to that found in an actual rocket motor.
The cscillatory behavior was induced at the forward end of the model
chamberby using an oscillating pressure in the inlet air. During a
test, the frequency of this oscillation was changed slowly through the
range of interest.

The resonant frequencies of a given chamberconfiguration were
determined by noting the freouencies of maximumchamberamplitude as
detected by a pressure transducer mounted at the head of the chamber.
Using a selection of aluminum sleeves and detachable nozzle end plates,
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the effect of changes in J (corresponding to a progression of burning

and to a change in the nozzle size) could be examined. Motor size

effects could be studied for the same J geometries by simultaneously

changing the aluminum grain and the nozzle end plate.

The experimental results confirmed the speculation that, for

practical motor designs, the radiation of energy through the nozzle is

the largest source of acoustic loss for the axial mode and that this

loss increases approximately linearly with the J of the motor.

In the following sections, the equipment, instrumentation and test

procedures, as developed for these tests, are first considered. The

means of characterizing the acoustic behavior of the motor cavity,

together with a discussion of the variables measured is considered

under the section on Data Reduction. The experimental data are pre-

sented and interpreted under Results and Discussions. The results are

summarized in the Conclusions. Appendix A is an evaluation of the

capabilities of the present test equipment. Appendix B discusses

various decay rate measurement techniques which were developed during

these tests and compares the results with the present work.

The preliminary results of this work were reported at the

Interagency Chemical Rocket Propulsion Group Combustion Instability

Conference, Orlando Air Force Base, Florida, 16-20 November 196h

(Ref. 3) together with a summary of past work using more complicated

internal motor geometries (Ref. 2) and a discussion of more recent

decay measurement techniques that have been developed in conjunction

with the axial mode instability program. How the present work fits

into the general instability picture together with references to other

theoretical and experimental studies on the effect of internal geometry

on losses and stability is presented in a survey paper on experimental

solid rocket combustion instability (Ref. i).

THEORY OF THE EXPERIMENT

The principles applied in the measurement technique are essentially

those applicable to a lumped parameter system under forced vibration

(Ref. h, p. 319). That is, if there is an acoustic excitation of

constant strength, of a single frequency, and if this frequency is the

same as one of the normal modes of the chamber, resonance will occur.

At this resonance frequency, the driving system will supply maximum

power to the oscillator. %_en the driving frequency is not at one of

the natural frequencies of the system, the acoustic pressure in the

model chamber builds up to a lesser degree. If the acoustic pressure

in the chamber is then plotted as a function of the driving frequency,

a resonance curve is obtained. As is described below, the driving

frequency was very slowly increased through the region of interest so

as to maintain essentially steady-state oscillations in the chamber.
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More precisely, this might be termed quasi-steady-state operation.
Fromthe shape or sharpness of the resulting acoustic pressure response
curve, it is possible to deduce certain properties of the system. The
sharpness of this curve can be quantitatively assessed using a quality
or Q factor. For simple systems, Q is related to the acoustic attenu-
ation constant. By determining the Q for various simple geometries,
the variation of the attenuation constant as a function of motor con-
figuration could be determined.

APPARATUS

The experimental apparatus used in making these tests consisted
of a model motor chamber; a steady air supply capable of maintaining
sonic flow in the nozzle of the model; a variable-frequency, oscil-
lating air supply to drive the chamber; and instrumentation to detect
and record the resulting chamberbehavior.

The model was pressurized by flow through a high impedanceporous
metal plate at the forward end of the model. Flow through the plate
wasmaintained by a prechamber connected to a high pressure air storage
system. The pressure was controlled by regulating valves. A schematic
diagram of the air feed system is given in Fig. 1.

2800

psig

T

/
Air Tanks

Valve Supply
Reservoir

\
\
\

T
/

Manifold

High Speed

Rotary Valve
I

Sole_d l Prechamber

" I Housing Tube
T

Main Air Hoses

FIG. i. Schematic of the Air Flow Feed System Used for

Steady-State Loss Measurements.

The main air flow was regulated from the 2,800 psi storage tanks

and manifolded to the motor prechamber through four lengths of No. 1509

0.375-inch Aeroquip hose. The hose was acoustically isolated from the
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prechamber by a porous plate at the prechamber inlet. The smaller
vol_me of air for the modulated air supply was fed through a pressure

regulator and a 35-foot section of 0.375-inch steel tubing to a 1.5-inch

ID section of flexible hose, through the rotary valve, and into the

prechamber.

The U. S. Naval Ordnance Test Station (NOTS) designed rotary valve

was used to produce a sinusoidal pressure forcing function in the pre-

chamber. The valve consisted of a rotating cylinder with a balanced

slot arrangement driven by a 5-hp, variable speed (Varidrive) motor.

The valve was designed to provide six cycles of alternate inflow and

exhaust (to the atmosphere) per cycle of valve rotation, Fig. 2. The

output waveform depended on the outlet and inlet pressure ratios and

the orientation and shape of the rotor slots. Using this system, the

prechamber driving frequency could be varied from approximately 180 to

1300 cps with a nearly sinusoidal wave form. The valve output was

introduced at one end of the prechamber.

/

EXHAUST

/
/

/
/

/
./

/
/

FIG, 2. The NOTS Designed Rotary Valve for Oscillating a

Portion of the Incoming Air Flow,
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The prechamber was used to unite the steady and pulsating supply

flows. A detailed drawing of the prechamber is given in Fig. 3, and

a sketch showing the relation of the prechamber housing to the motor tube

is given in Fig. 4. The oscillating flow from the rotating valve

entered the prechamber cavity directly from an axial port at the head

end. Four side ports located concentrically around the head of the

prechamber were used to provide the main air supply. This steady air

flow entered the prechamber by passing through an annular disk of

O.125-inch thick, 40-micron, porous, sintered stainless steel rein-

forced on the downstream side by an annulus of screening material and

a 0.125-inch thick sheet of perforated stainless steel plate. This was

done to acoustically isolate the prechamber from the main air-feed

system and thereby minimize acoustic losses and supply line resonances.

The inside dimensions of the prechamber cavity formed a cylindrical

cavity approximately 2 inches in diameter and 2 inches in length. The

natural frequency of this cavity was about 3,000 cps, several times any

frequencies of interest during the tests.

The prechamber was separated from the test chamber by a second

porous plate sandwiched between annular rings of screening and a perfo-

rated steel plate. This high impedance barrier was introduced in hopes

that the model chamber could be driven by the large amplitude oscil-

lations in the prechamber without any appreciable feedback or reverse

coupling from the chamber.

A i00 psia, Model 4-312, Consolidated Electrodynamics Corporation

(CEC) pressure transducer was mounted at the head of the test chamber

so that its sensing face was flush with the outer face of the last

perforated plate of the prechamber, thereby forming an integral part of

the chamber head (Fig. 3). The body of the transducer passed through

a close-fitting hole in the perforated steel-porous plate-perforated

steel sandwich.

Figure 5 shows the Varidrive motor shaft and disassembled pre-

chamber which shows the rotating valve port and main supply line baffle

plate, the transducer, and the porous plate. Figure 6 shows the as-

sembled and instrumented prechamber with connecting air hoses.

The simulated rocket motor consisted of an external housing into

which cylinders with various internal diameters could be fitted to

simulate a cylindrical bore propellant grain at various burn times.

The chamber housing itself consisted of a 12-inch-long piece of flanged

aluminum tubing, 3.5-inch internal diameter and h.5-inch external di-

ameter, bolted onto the exit face of the prechamber.

The grain pieces were aluminum circular cylinders, 12 inches long,

with an OD of 3.5 inches, and with various internal diameters. Work

reported in Ref. 2 showed that there was little or no difference when
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PRECHAMBER ASSEMBLY

i

i

FIG. 3. Cross-Sectional View of the Prechamber Assembly used to

Unite the Steady and Pulsing Flows Prior to Entering the Model

Chamber.
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ROTARY VALVE

(PULSATING FLOW)

INIrUT_ PRECHAMBER I_ MODEL CHAMBER TUBE ..... ._

STEADY FLOW

INLET [I OF 4)

END CLOSURE PLATE k

FIG. _. Cross-Sectional View Showing the Relation of the Prechamber to

the Model Chamber Tube. Grain pieces are slid into place on removal of

the nozzle end plate.

these grain pieces were made of metal rather than an extruded cellulose

acetate such as would be used for the binder material in an actual pro-

pellant. The internal diameters tested in the present work were 1.O,

1.5, 2.0, 2.5, 3.0 and 3.5 inches.

The nozzle blocks were of 0.5-inch aluminum plate bolted onto the

end of the motor housing tube. The nozzle throat diameters were of

different sizes so that the J (nozzle throat area/grain port area)

could be altered in this way as well as with the grain pieces. The

total range of J values that could be covered using both means was from

0.390 to 0.00127. Table 1 gives the code used to identify the test con-

figurations as well as the nozzle throat diameter, the grain port di-

ameter, and the J calculated from these data. The variable nozzle

blocks also allowed for changing the mass flow rates down the grain

axis. The inlet radius of the nozzle was 0.125 inch in all cases.

This was followed by a straight throat section, approximately 1/32-inch

long. The nozzle throats were 0.125, 0.250, 0.375, 0.500 and 0.625

inches in diameter. The nozzle exit cone was cut at h5° from the flat

throat section. A drawing listing the specifications for these nozzles

is given in Fig. 7.

A photograph of the assembled test equipment is shown in Fig. 8.

INSTR_4ENTATION

A combination of mechanical and electrical instruments was necessary

for controlling and recording the air flow and acoustic behavior.

Bourdon tube gages provided visual readout of the steady or DC air

pressure at points in the flow system where visual monitoring was needed

to manually control the air pressure. These pressure gages are indi-

cated by dials in Fig. 1.
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FIG. 5. Disassembled Prechamber Unit Showing Shaft of Varidrive Unit Used to Turn

the Rotary Valve, the Interior Face Throug_h Which Main Air Passed, the Entrance Hole

for the ?ulsed Flow, and the Sintered Steel Plate Used to Separate Prechamber and

Chamber With a Transducer at Its Center.
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FIG. 6. Assembled Prechamber Unit Showing Four Hoses Used to Bring Main Air to the

Prechamber, the Valve Supply Reservoir Hose, the Perforated Steel Disks Used to Sup-

port the Sintered Steel, and the Flush Mounted Transducer Face. The chamber tube

was bolted directly to this face.
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TkBLE 1.

i

Configuration

number

l-1

2-1

3-1

4-1

5-1
6-1

1-2

2-2

3-2

4-2

5-2

6-2

1-3

2-3

3-3

4-3

5-3

6-3

l-h

2-4

3-4

h-h

5-h
6-4

1-5

2-5

3-5

4-5

5-5

6-5

Geometry Data for Model Configurations

Grain port

diameter,
inch

i L

1.0

1.5

2.0

2.5

3.0

3.5

1.O

1.5

2.0

2.5

3.0

3.5

1.0

1.5

2.0

2.5

3.0

3.5

1.0

1.5

2.0

2.5

3.0

3.5

1.0

1.5

2.0

2.5

3.0

3.5

Throat

diameter,
inch

,J

0.625

0.625
0.625

0.625

0.625

0.625

O. 500

O. 5OO

0. 500

o. 5oo

0.5OO

o. 5oo

0.375

0.375

0.375

O. 375

O.375

0.375

0.250

0.250

0.250

0.250

O.25O

0.250

0.125

0.125

0.125

0.125

0.125

0.125

2

Dt
J = _

D2
C

m i i

0.3906

0.1736

0.0976

0.0625

0.0434

0.0319

O.25O

O.lll

0.0625

0.0400

0.0278

0.0204

0.1407

0.0625

0.0351

0.0225

o.o156

O.Oll5

0.0625

0.0275
0.0156

O.OlO0

0.0069

0.0051

o.o156

0.00695

O.OO39O

0.00250

0.00173

0.00127

I0
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h. 50"

---- k"45°_Z

:l./32' /

Flat /

_. ....f
I.D.

_/8" \

\
\

\

--_ 1/2" I--

Make 5 nozzle plates, 1 each

#i I.D. = 0.625" "_

#2 I.D. = 0.500"

#3 I.D. = 0.375"

#h I.D. = 0.250"

#5 I.D. = 0.125"

Tolerance

+ 0.0001"

Material:

AI (24 S_ hardness or similar)

_ii holes to be concentric with

h.500" O.D. within 0.007" runout

FIG. 7. Prints and Specifications for the Nozzle End Plates.

ii
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Five electronic transducers provided detection and recording of

chamber pressure, acoustic oscillations, and acoustic frequency. The

signal from each transducer was suitably conditioned and recorded. A

schematic diagram of the signal detection and conditioning that was

used is shown in Fig. 9. The various details of this instrumentation

are discussed below.

MODEL CHAMBER PRESSURE

Chamber pressure recordings consisted of two types: (1) steady

chamber pressure resulting from net air flow through the model, and

(2) oscillating (acoustic) pressure waves superimposed upon the steady

pressure by the rotary valve.

The steady chamber pressure was detected by a low frequency,

0 to 40 psig, Statham strain gage transducer and recorded on a CEC

recording oscillograph, Type 5-114.

Detection and recording of acoustic pressure oscillations required

a more sophisticated approach. Since the oscillation frequencies

ranged up to 1,300 cps, a transducer with response into the multikilo-

cycle region was needed. Placement of this transducer was critical

since every acoustic mode structure contains regions in which no

pressure oscillations occur. Two factors suggested that the transducer

be located centrally in the porous plate structure at the head end of

the model chamber with sensing diaphragm facing into the model chamber.

These factors were: (1) only axial acoustic modes were of interest

(the air flow and acoustical excitation systems were designed to drive

the model in axial modes) and (2) the plate at the head end of the

model is in the plane of maximum pressure oscillation for all axial

acoustic modes in the chamber, thus making it possible to detect all

such modes at this one location. Because of its availability, small

size, and high natural frequency, a 0 to i00 psia, CEC, Type 4-312,

transducer was used to detect chamber pressure oscillations. Trans-

ducer output (maximum output was under 0.15 mv) was electrically ampli-

fied by a factor of 25,000, filtered by a band-pass filter, then full

wave rectified, and the resulting signal recorded on both the CEC

oscillograph in Fig. l0 and a Moseley, Model 2 FRA-01-02, two pen,

X-Y-Y plotter in Fig. ll. The recorded signal was directly propor-

tional to the amplitude of pressure oscillations in the model chamber.

High frequency noise in the transducer output was appreciable in this

arrangement, but was at frequencies above the range of interest in this

work and was removed by an 80-1,200 cps band-pass filter.

The amplified AC signal from the CEC pressure transducer was also

measured directly by a Bruel & KJaer RMS voltmeter. In addition it

was used in an analog system along with the signal from the prechamber

transducer to produce a signal proportional to the ratio of chamber

amplitude to prechamber.

13
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FIG. 9. Schematic of the Signal Detection and Conditioning Done in Conjunction with the Oscil-

lograph Records for the Steady-State Tests.
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FIG. lO. Annotated Steady-State Oscillograph Test Record. Shows resonant chamber response as

driving frequency is increased. Test No. 12513.
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PRECHAMBER PRESSURE OSCILLATIONS

The amplitude of the acoustic pressure in the prechamber was

measured by a variable capacitance, 0 to 500 psig, Photocon Research

Products transducer which provided satisfactory frequency response and

acceptably high output voltage. This output was under 100 mv so that

signal conditioning included amplification by a factor of 1,000 prior

to filtering, rectifying, and recording on the oscillograph. This

circuitry also provided a signal to the analog circuit, the output of

which was plotted against frequency on the two-pen X-Y-Y recorder.

Because the acoustic power (i.e., wave amplitude) within the prechamber

changed appreciably through the frequency range due to a decreasing air

flow per cycle as the rotation rate was increased, it was necessary to

measure and record prechamber pressure oscillations. By simultaneously

recording chamber and prechamber amplitude as functions of frequency,

data were obtained by which the chamber response curve could be normal-

ized.

FREQUENCY OF OSCILLATION

Measurement of frequency of oscillation was made with a Hewlett-

Packard, Model No. 505-B, electronic tachometer. This unit included

a sensing head which contained a focused photoelectric pickup and

illuminating lamp. The sensing head was placed to detect the revo-

lutions per minute of the rotary valve driving shaft. This signal was

used as the horizontal input to the X-Y-Y plotter, as the input to a

digital frequency meter, and was also conditioned and recorded by the

oscillograph.

TEMPERATURE

The temperature of the gas in the chamber was measured intermit-

tently using a bimetallic immersion gage. The gas temperature was

essentially steady at hO°F. This below-ambient temperature was caused

by polytropic expansion from the storage tanks.

CALIBRATION AND SENSITIVITY DATA

Calibration of gages, transducers, and signal-conditioning channels

was varied to suit the requirements of each particular device.

All Bourdon tube pressure gages were checked with an Ashcraft dead-

weight tester. All gages showed deviations under 2% full scale. A

corrected Bourdon tube gage was used for the steady-state calibration

of the pressure transducers.

17
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The calibration of the oscillograph frequency trace channel con-

sisted of ccmparing the line deflection to the readout on the digital

counter.

The calibration of the other channels using transducers was some-

what more complicated and involved a dual approach using both a static

calibration at various DC air pressure levels_ for a transducer and the

use of a calibrated variable frequency oscillator as the input for the

rest of the channel• No direct dynamic calibration was used.

The results of these oscillograph system calibrations are shown in

Table 2.

TABLE 2. Calibration and Sensitivity Data

Transducer

Channel output a

l i

Chamber

oscillation

amplitude

CEC h-312

Prechamber

oscillation

amplitude

Chamber

net pressure

Valve

frequency

159 mv/psi

i21.75 my/psi

Electrical

calibration b

23. h mv/in.

175.2 mv/in.

i L,m

Oscillograph

deflection

factor

0.1473 psi/in.

8.07 psi/in•

10.62 psi/in.

171•5 cps/in.

w , ,i i

aThese data obtained by a static calibration using

variable DC air pressure level.

bThese data obtained by substituting a calibrated VFO

for high frequency transducer within the voltage range

determined in a above•

OTHER INSTRUMENTATION

One of the goals of the test program was to provide design

criteria and a trial test setup for a new, automated, loss measurement

system to be applied to more complicated geometries• Consequently,

18
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the data were recorded simultaneously on the system developed in Ref. 2

and recorded and measured on the analog system previously described.

TEST PROCEDURE

The operation of each test followed a typical pattern: (i) The

desired model configuration was assembled in the chamber housing tube,

(2) the motor driving the rotary valve was turned on, together with the

air which flowed through the valve, (3) the steady air flow was es-

tablished at the desired pressure level by manual control of the

pressure regulators, (4) the recording oscillograph was started and the

rotary valve speed of rotation increased slowly by turning the hand-

wheel controlling output speed of the Varidrive unit (output speed was

set to minimum prior to beginning of each test), (5) at input frequen-

cies near 1,300 cps the electrical power to the Varidrive motor was

cut off and the unit allowed to decelerate to zero revolution per

second, (6) the recording oscillograph was shut off, (7) the Varidrive

was turned back on and brought to the first resonance peak (the fre-

quency of the peak was determined by using the digital frequency meter

and the amplitude using the Bruel & KJaer RMS voltmeter), (8) the max-

imt_u RMS value was multiplied by 0.707 to determine the R_ voltage of

the half-power points of the resonance curve, (9) the Varidrive fre-

quency was changed to the half-power voltage calculated above so as to

determine both the upper and then the lower half-power frequency on the

digital frequency meter, (10) the Varidrive and the air flow to the

system were shut off, and (ll) the inserted parts were removed, re-

placed by a new set of parts and the operations repeated again in a new

cycle.

The measurements made during operations (1) through (6) are essen-

tially of the type reported in Ref. 2 to determine the shape of the

resonance curve for the system. An annotated oscillograph test record

is shown in Fig. 10. Measurements (7) through (9) repeat the test and

were made in an effort to improve on the speed and accuracy of the

original method as well as to check the instrumentation for the new

test facility. A portion of the X-Y-Y plotter record for approximately

the same test conditions as above is shown in Fig. ll.

Three persons carried out the test operations: one operating the

air controls, recording the various pressure levels, and operating the

prototype instrumentation; one operating the recording oscillograph and

visually monitoring the instrument response and galvanometer deflections

on the oscillograph; and one operating the Varidrive controls, making

the measurements described in sections (7) through (9) above, and

changing the model geometry at the end of each test.
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DATAREDUCTION

There are several ways of determining the loss characteristics of
an oscillating system. The present work reports a steady-state tech-
nique using a quality factor, or Q, determined from the resonant be-
havior of the motor cavity. This was done since the test chamberwas
driven by a continuous source of excitation, the frequency of which
could be varied at will. The possibility and the limitations involved
in using various decay measurementtechniques were also investigated
and are reported separately in Appendix B.

There are numerousdefinitions and relations involving Q. Several
of these have been brought together both as a convenience to the reader
and to showthe theory and approximations involved in the present data
reduction procedure.

Reference 5, P. 25 defines the Q of a system as the numberof
cycles for the wave amplitude to decrease to (1/e w) of its original
value. Or slightly rearranged, as in Ref. 6, p. 587, the numberof
complete oscillations necessary to reach a given ratio, _, of initial
amplitude to final amplitude is

(1)

A more usual and perhaps useful definition is given by Ref. 5, P. 27

and Ref. 7, PP. 39, 98 and lh6 as

Q= 2_

E
time-average ene r_ stored = 2_fo

energy loss per cycle of oscillation E
(2)

which for a simple damped oscillator can be expressed in terms of the

mechanical constants of the system (Ref. 8, p. 25) by

(3)
R

Here mo is the resonant angular frequency, M is the mass or inertial
term, and R is the mechanical resistance. Stated this way, Q is pro-

portional to the limit of the ratio of frequency to impedance when the

reactance component of the complex impedance goes to zero, which occurs

at resonance. This formula is valid for systems which behave as a

linear, lumped parameter oscillator (Ref. h, p. 20) in which the

stiffness and inertial terms can be considered as either in series or

parallel (Ref. 7, P. _0 & _7).
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In actuality, most oscillators behave to varyin_ de_rees as svstems

having distributed elements. For the present work, the degree of de-

parture from an ideal lumped parameter system was assumed small based

on an analysis which showed that the wall and bulk losses were small

compared to the energy transmitted through the ends. It was, therefore,

decided to use the simple, lumped parameter Q defined by Eq. 3. For

such a lumped parameter system, Q can also be expressed in terms of the

half-power bandwidth formula (Ref. 8, p. 25) for small damping (Ref. 4,

p. 21):

f f
o o

Q = f2-f-----_= A-'{

where f represents the resonant frequency, and i. and f_ are the

frequen°ies at the half-power levels on either si_e of t_e resonance

peak. In the present work, the frequency could be measured within

approximately 1 cps, and Eq. 4 was used to obtain the Q of each system

as a function of internal geometry.

Once Q has been determined, it can be used to find the temporal

damping constant, a, (Ref. 4, p. 321) and its relation to the energy

decay :

o _ 1/2 (5)

The damping constant appears in the exponent of the expression de-

scribing the transient decay of amplitude of free oscillations (i.e.,

when the forcing function is suddenly stopped) as a function of time:

-at

P=Po e
(6)

Since there is perhaps more physical feeling for this parameter than

for Q, it has also been included in the tables of reduced data and

used to prepare the final graphs. Note that large attenuation con-

stants are associated with small Q's and that large a's imply highly

stable geometries.

Using the above discussion as a basis for the data reduction proce-

dure, a few comments are made regarding the actual techniques used in

preparing the final graphs. As discussed in the instrument section,
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three systems were used in this steady-state resonance technique to

record the chamber response: the oscillograph recordings, the meter

readings, and the X-Y-Y plotter graphs. Each is discussed briefly
below in terms of the Q values obtained. From these data, the temporal

damping constant _ was later calculated by Eq. 5 and used for the final

plots.

Figure lO is a typical oscillograph test record showing the driving

frequency and rectified chamber response as a function of time. In the

data reduction, this chamber response curve was normalized to account

for variations in the strength of the driving prechamber oscillations

by taking the ratio between the chamber amplitude and the prechamber

amplitude. The normalized amplitude curve was then plotted against the

driving frequency. This resulted in the intermediate graph shown in

Fig. 12. Q was then obtained graphically from this curve using the

half-power bandwidth formula of Eq. 4. Q or a plots could then be ob-

tained as a function of motor geometry.

Q = f2- fl

fl fo f2

I

frequency

FIG. 12. Ratio of the Chamber to the Prechamber Oscillation

Amplitude Measured From the Oscillograph Test Record Versus

Frequency. Such intermediate graphs as this were prepared

for each test using the oscillograph method and used to ob-

tain a half-power bandwidth Q.
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The resonant and half-power frequencies were also measured using a

digital frequency meter and a RMS voltmeter to monitor the AC chamber

response. Since Q is sensitive to an accurate frequency determination

(e.g., a difference in the half-power frequency width of 1 cps would

alter a typical Q from Q = 550/10 = 55.0 to Q = 550/9 = 61.1), this

measuring technique was considerably more accurate as well as much

faster than the determinations from the oscillograph records. The

frequencies required to determine Q were recorded during the test, and

the resulting Q's (or _'s) could be plotted immediately at the end of

each run. This permitted immediate reruns if necessary to confirm any

unusual test results.

The X-Y-Y plotter recorded two functions (Fig. Ii): the rectified

AC chamber response versus driving frequency and the logarithmic ratio

of the AC chamber to prechamber pressure versus frequency. From the

former curve, a half-power bandwidth Q could be obtained by calculation

and measurement. This was done for various tests to see if it corre-

sponded with the Q determinations obtained using the other two tech-

niques.

The Q determinations made using the RMS voltmeter and the digital

frequency meter were the most accurate and convenient of the three

techniques used. Once the validity of the meter data results had been

established, all tests were run this way. Meter data are tabulated in

the tables and were used to prepare the final graphs. Because the fre-

quency deflection factor (i.e., cps/inch) was greater using the X-Y-Y

plotter than for the oscillograph records, this was the next most accu-
rate method for determining Q. The plotter was also quite useful in

evaluating the system behavior under different operating conditions

which are reported in Appendix A. The oscillograph technique, which

had been used previously (Ref. 2), was completely superseded in the

present work and was used primarily as a back-up system while setting

up the new measuring methods.

RESULTS AND DISCUSSION

TEST RESULTS

The test conditions, steady-state-resonance-meter data and calcu-

lated acoustic attenuation constant for each of the test runs are pre-

sented in tabular form in Table 3.

i. Figure 13 shows the variation of the temporal damping constant

versus J for constant nozzle size.

2. Figure 14 shows the variation of the temporal damping constant

versus J for constant grain port area.
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3. Figure 15 shows the variation of the first mode resonant fre-

quency versus J for constant nozzle size.

These results are brought together in Fig. 16 and analyzed in the

following sections. The final data for the variation of the damping

constant with J are summarized in Fig. 17 and the resonant frequency

response as a function of J is shown in Fig. 18.

Test

number

2-24-7
2-24-6

2-25-7

2-24-3

2-24-8

2-9-4
2-24-10

2-9-3

2-24-2

2-24-13

2-9-2

|ii

2-24-16

2-24-18

2-4-35

2-25-1

2-25-3

2-9-19

2-4-31

2-9-20

2-4-29

2-9-22

2LX 7
i

TABLE 3. Steady-State Resonance Data

ieometry I

A.

i

i-i

2-1

3-1

3-1

4-1

4-1

5-1

5-1

6-i

6-i

6-1

B.
| i

1-2

2-2

2-2

3-2

3-2

4-2

4-2

5-2

5-2
6-2

6-2

6-2

Chamber fo' fo

J pressure, Q = A'_
psig cps

Sonic Nozzle #i, Throat Diam. = 0.627 in.
i

0.3906

0.1736

O.O976

0.0976

0.0625

0.0625

o.0434

0.0434

0.0319

0.0319

0.0319

_f
O

Q'
sec -i

20.5

21-0

21.0

26.2

21.8

20.5

20.5

20.0

23.0

19.5

20.0

442

501
532

517
530
530
534
532
535
548
543

2.33

5.63

7.94

7.07

15.6

13.6

22.2

19.0

16.0

32.3

22.6

597

279

210

230

107

122

75

88

i05

53

75

Sonic Nozzle #2, Throat Diam. = 0.500 in.
i , i ,,

0.25OO

0.1110

0.1110

0.0625

0.0625

0.0400

0.0400

0.0278

0.0278
0.0204

0.0204

0.0204

20.3

23.0

20.5
19.4

20.2

21.7

21.0

20.0

20.4

19.8

19.8

20.5

476

514

52O

539

535

539
548

541

55O
541

54O

554

4.6

10.5

9.0
14.6

16.2

25.6

27.4

33.8

30.5

45.0

49.2

55.4

323

154

185

116

io4

66

63

50

57

38

35

31
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Test

number

2-4-25

2-9-1

2-4-23

2-4-21

2-25 -9
2-4-19

2-25-8

2-4-17

2-9-23

2-4-15

2-25-13
2-4-1o

2-4-13

2-4-8

2-25-I1

2-4 -6

2-25-10

2-4-3

2-4-1

t L

l ,I

2-25-15

2-9-17

2-9-16

2-25-17

2-9-12

2-9-i1

2-25-16

2-9-9

I Geomet_

C.
,i

1-3

2-3

2-3

3-3

4-3

i 4-3

5-3

5-3
6-3

6-3

D.
i i

1-4

1-4

2-4

3-4
4-4

4-4

5-4
5-4
6-4

E.
ii

1-5

1-5

2-5

3-5

4-5

5-5
6-5

6-5

TABLE 3. (Contd.)

t i

J pressure, cps
psig

Sonic Nozzle #3, Throat Diam.
| , , i ,,

0.1407

O. 0625

O.0625

O. 0351

O. 0225

O.0225

0.0156

0.0156

0.0115

0.0115

20.4

21.0

2O.5

20.0

2o.8
20.5
20.8

20.8

20.5

20.5
i. i

475

517

523

544

54O

551

542

555

544

559

Sonic Nozzle #4, Throat Diam.

0.0625

O. 0625

0.0275

0.0156

O.OlO0

0.0100

0.0069

O.0069

0.0051

i

20.7 476

20.5 492

20.5 533

20.6 551

19.9 547

20.0 558

20.2 550

20.5 561

25.0 564

Sonic Nozzle #5

0.01560

0.01560

0.00695

0.0O390

0.00250

0.00173

0.00127

0.00127

, Throat Diam.
i , ,

21.0 477

21.5 476

19.0 521

21.2 545

18.5 545

22.0 547

22.O 555
22.0 545

f wf
o O

D

Q= Af _ = Q-1
sec

= 0.375 in.
i ,

5.2
12.8

13.4

20.9

33.7

42.5

41.7

32.7

60.0

70.O
i

= 0.250 in.

7.4

9.1

16.2

27.6

45.6

55.8

50.0

56.1

94.0
J

= 0.125 in.
L

5.3

5.7
11.3

18.1

25.9

34.2

39.6

49.5

287

127

122

82

51
41

41

53

29

25

202

170

103

63

38

31

35
31

19

283

262

145

95
66

50
44

35
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60O

400

a (sec-')

20O

(a)
Nozzle I f

Throa

I I i I

0.1 0.2 0.3 0.4
J

40O

300

(:z(sec -I)

200

I00

0

(b)

Nozzle 2
• = . " ,

.0'5 ' ' z J•I0 ,I5 .20 .25
J

FIG, 13. Linear Plots of Temporal Damping Constant Versus

J for Constant Nozzle Diameter. Sonic nozzle throat.

Steady-state meter data.
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FIG. 13. (Contd.)
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600

400

a (sec-')

2O0

0

(a)
J

Grain I, Grain port diameter = 1.0 in.

.4

400

300

a (sec-_)

2OO

0 04

(b) Grain 2,

i I i

.08 .12 .16
J

Grain port diameter = 1.5 in.

I

.20

FIG. 14. Linear Plots of Temporal Damping Constant
Versus J for Constant Grain Port Diameter. Arrow indi-

cates classical wall losses for J = O. Sonic nozzle

throat. Steady-state meter data.
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a (sec-t)
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0
I I I I I

.04 .08
J

(c) Grain 3
Grain port diameter = 2.0 in.

200=

e(sec-')

IOC

u

0
I I I 1

.04 .08
J

(d) Grain 4
Groin port diometer = 2.5 in.

200

a (sec-9

I0(

0
I I t ]

.04 08
d

(e) Grain 5
Grain port diameter : 3.0 in.

z_
I00

cl (sec-9

5C

z_

v

-'*' ' 0"2 ' '0 . 04
J

(f) Groin 6
Groin port diameter = :5.5 in.

FIG. 14. (Contd.)

29

• i̧



NAVWEPS REPORT 8_71
j i i

1.00

.96

fo
548

.92

.88

.84

.8O
0

(a)
,X_ A Nozzle I

Throat diometer = 0.625 in.

,I .2 .3 .4
J

FIG. 15. First Mode Resonant Frequency Versus J for
Constant Nozzle Diameter. Sonic nozzle throat.

Steady-state meter data.
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FIG. 15. (Contd.)
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6OO

Nozzle _" 5

400

a(sec -I)

30O

200

I00

Groi,

Nozzle _4

00 .I .2

Nozzles

FIG. 16. Composite Linear Plot of Temporal Damping Constant Versus J
for Constant Nozzle Diameter and Constant Grain Port Area. Sonic

nozzle throat. Steady-state meter data.
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600

500

400

-I

a(sec )

300

200

I00

O

A

A

<> /

/
/

/

/% Nozzle "_ I, Dio = 0.625 in.

Nozzle #"2, Oio = 0.500 in.

0 Nozzle =i_e3,Dio= 0.375 in.

0 I I I I

0 .I .2 .3 .4 .5

J

FIG. 17. Temporal Damping Constant Versus J Data for Which the Ratio
of Chamber Pressure to Prechamber Pressure was Greater than 0.42

(Quasi-Sonic Porous Plate Condition). Sonic nozzle throat. Steady-

state meter data. Dashed line as computed from theory of Ref. ll.
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O Nozzle #2, O I : .500 in.

O Nozzle"#"3, D I : .375 in.
A

fo

548

.900

.800

FIG. 18.
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O
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I I I I
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J

Actual to Theoretical Resonant Frequency as Function of J for

Chamber pressure = 20 psig. Steady-state meter
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LOSS ANALYSIS

Loss Mechanisms. The decrease of acoustic energy in a system can

be ascr_b6d to either losses in the medium or to losses occurring at

the system boundaries. The actual loss mechanisms that are associated

with these locations can be listed as follows:

Losses in Medium or Bulk Losses

Viscous bulk losses

Heat conduction bulk losses

Relaxation bulk losses

Inhomogeneous media bulk losses

Losses at Boundaries or Wall Losses

Viscous wall losses

Heat conduction wall losses

Radiation losses to walls

Radiation losses from nozzle

Absorption losses to porous plate

The losses in the medium or bulk losses should consist of losses

caused by viscosity, heat transfer, and thermal relaxation mechanisms.

Table h lists calculated values for these losses as well as wall losses

which will be considered later. The bulk losses due to effects of vis-

cosity and heat transfer were computed from Ref. 8, p. 226, using

Table 9.1 which gives the combined spatial attenuation constant due to

these loss mechanisms. To obtain the temporal attenuation constant at

5h8 cycles/sec (i.e., the nominal first mode frequency of the chamber),

the spatial constant was multiplied by the nominal sonic velocity of

1,095 ft/sec. The data in Table 9.1 of Ref. 8 were obtained at a

pressure of 1 atm and 20°C, but any small correction to adjust the

value to test condition would be unimportant since the damping constant

was found to be several orders of magnitude smaller than the measured

attenuation constants of the test chamber.
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TABLE 4. Wall and Bulk Loss Attenuation Coefficients

Computed for Zero Mean Flow Conditions

Motor

chamber

numb er

1

2

3

4

5
6

, !

-1
Temporal damping coefficients, sec

a

w
(av + mth )

, , ' ' "I

5.74 I 1.38 x lO -3

3 •83 1 do
i

2.87 do

2.30 do

1.92 do

i. 64 do

( m)max

, i

0.6

do

do

do

do

do

.a u = 1,7 x 10 -4 dyne sec/cm 2, P = 0.00292 grams/

cm3 , -IPr = 0.74, y = 1.4, _ -- 3.450 sec .

The bulk damping due to molecular relaxation was computed from 20°C

data listed in Table 9.2 of Ref. 8, p. 233. This type of damping is

strongly dependent on the relative humidity. The attenuation constant

listed in Table 4 is at a maximum for a frequency of 548 cps. This

maximum was estimated from the data of Ref. 8 to occur at a relative

humidity of approximately 7%. Although the relative humidity was not

measured for each test, it was in general lower than 7%. Furthermore,

attenuation due to molecular relaxation increases with temperature

(Ref. 8, p. 231) and so the value would be smaller if it were adjusted

to actual test conditions.

The maximum possible calculated value for the attenuation constant

under no-flow conditions is much smaller than the actual measured atten-

uation constant and so bulk damping cannot be considered as other than

a minor source of acoustic loss. The effect of mean flow on these

losses will be discussed in a later section.

Concerning the wall losses, the temporal wall damping constant for

the combined effects of viscosity and heat conduction was calculated by

the following equation:

]_- 2-7- 1 + (y1 _llyl) /(pr)l (7)
C

This equation was derived by multiplying Eq. 9.41 of Ref. 8, p. 240, by

the velocity of sound to convert from a spatial to a temporal damping

coefficient and substituting an effective viscosity
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eff = u [i + (_2 - __i) pr-_]
yg

given by Eq. 9.43 of the same reference in place of the actual viscos-

ity. Properties of air at h0°F were used in the calculation. The

computed values of wall damping attenuation constants listed in Table 4

are also much less than the experimentally measured losses.

Radiation losses to the wall were avoided by the use of heavy motor

housing tube which acted as a rigid wall.

The acoustic losses of the experiment, therefore, are assumed to be

due to a combination of losses from the nozzle and absorption losses to

the porous plate at the head of the chamber. The separation and de-
termination of each of these two mechanisms was one of the main prob-

lems of the analysis.

J = 0 Losses. In the limit of J = O, the mean flow and nozzle

radiation losses go to zero because the mean flow and nozzle size go

to zero. Extrapolation of the experimental curves to J = 0 would thus

be expected to give an intercept indicative of the other system losses.

Figure 13 presents linear plots of a versus J. Each graph is for a

fixed nozzle geometry and so the change in J is brought about by

changes in the Chamber diameter. A value of J = 0 for the data plotted

this way corresponds to an infinite diameter chamber. A corresponding

value of a thus includes only contributions due to bulk losses and

losses from the two end plates since the values of nozzle, porous

plate, and wall losses relative to bulk and end plate losses go to zero
as the chamber diameter goes to infinity (Ref. 8, p. 240). Since the

bulk and end plate losses themselves are very small, the intercept of

the curves in Fig. 13 on the a-axis would be expected to be near zero.

A straight line extrapolation of the data does yield such a result.

Figure 14 also presents plots of a versus J, but in this case the

diameter of the cavity was held constant while the nozzle throat dia-

meter was varied. Plotted this way, the J = 0 position represents a

finite chamber diameter but a zero diameter nozzle throat. Extrapo-

lation to an intercept on the a-axis in this case yeilds fairly large

values. Since the extrapolation in this case may include rather large

porous plate or wall losses as J approaches zero, these sources of loss
were examined further. The wall losses were computed as discussed pre-

viously. The results of these calculations are presented in Table h

and indicated by the arrows on Fig. lh and show that the wall losses

alone are far below the observed values. The experimental acoustic

losses must then have been due to the presence of the porous plate

since all other losses have been shown to be small compared to the

measured values. The conclusion is that the zero velocity damping

(J = 0) is primarily due to the porous plate.
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In summary, extrapolation of the constant-nozzle curves (Fig. 13)

to J = 0 gives losses in reasonable agreement with the calculated bulk

losses which should be dominant in this type of limiting argument. On

the other hand, extrapolation of the constant-chamber curves (Fig. lh)

to J = 0 gives a residual loss that is much higher than the wall losses.

This result suggests that losses from the porous plate are dominant in

the limit of small J when the motor diameter is comparable to the plate

diameter.

J # 0 Losses. When J # 0, the nozzle losses must be considered.

Additionally, in the presence of appreciable mean flow, due consider-

ation must also be given to a re-evaluation of the bulk and wall losses.

The various types of bulk losses are in essence a result of the

presence of time dependent, localized temperature and pressure gradi-

ents created in the body of the gas by the standing wave. A super-

imposed uniform mean velocity imposed on an oscillating gas column

would not be expected to cause any major change in magnitude of this

type of bulk damping since it would have little effect on the relative

state of adjacent gas particles. The mean flow could however effect

the damping by a more gross turbulent effect due to the possibility of

conversion of mean flow energy into acoustic energy or by degradation

of acoustic energy caused by non-acoustic irregularities in the flow

(Ref. 9 and 12). Such effects would be expected to be most important

at high mean gas velocities and could be relatively more important for

less "clean" geometries than those used in this series of tests.

Results from Ref. i0, p. 502, indicate that the effect of mean

flow on viscous and thermal losses at the wall is not large, thus the

principal effect of increasing J is expected to be in losses associated

with the nozzle and, possibly, with the porous plate.

Examining the contribution of the porous plate to losses for the

case of J # O, it is hypothesized that the losses are low under con-

ditions where the pressure drop across the plate • is high, with losses

going to zero when sonic or near sonic flow prevails in the outlet

pores of the plate. It may be observed in Fig. lh, 16 and 17, that the

experimental results show the attenuation coefficient varies linearly

with J. However, as the nozzle size goes to zero, there is a lower

pressure drop across the porous plate and the attenuation constant

tends to deviate from this linear relation. The data in Fig. 17 are a

replot of data in Fig. 16 having only tests with a pressure ratio

across the porous plate greater than 2.3, a condition interpreted as

giving sonic or near-sonic exit flow from the pores of the plate. It

is significant that exclusion of the low pressure ratio points leaves

data which are well correlated by a single line.
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COMPARISON OF PRESENT RESULTS WIT{ THEORY

The previous discussion has indicated that the acoustic losses from

the chamber are primarily due to the transmission of acoustic energy

through the nozzle. A consideration of the possible mechanisms involved

suggest that these losses are due to the radiation of acoustic energy

from the nozzle and the convection of additional energy through the

nozzle. Mathematically, this means that the attenuation constant, a,

consists of two terms: one depending on the nozzle admittance and one

on the mean flow through the nozzle.

An analysis accounting for both of these terms has been made by Hart

and McClure (Ref. ll, p. 1051) and which for an end-burner (the mass

addition situation most closely corresponding to the present experiment)

gives a nozzle attenuation constant of:

vc_N =_+ ( ) _ (8)

The first term of this equation accounts for the convective effects.

The second term accounts for the nozzle radiation losses and is based

on a calculation of the nozzle admittance function made previously by

Crocco and Cheng (Ref. 13, p. 180).

To relate V, the mean gas flow velocity in the chamber, to J, a plot

was made of the isentropic data in Shapiro (Ref. 14, p. 614) - this

being given in Fig. 19. This shows that for the range of J values en-

countered in the present work (J less than 0.4) an essentially linear

approximation can be used:

so that

V -_ 0.66 J
a W

V --0.66 a* J (9)

Using this expression in Eq. 8, the following relation between a and J

results:

mN -- 0.66 -_- (1 + )
(io)

This curve is compared to the experimental results by the dashed line on

Fig. 17. As can be seen, the computed value for the nozzle transmission
losses falls much below the "nozzle loss" line of the test data.
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FIG. 19. Nondimensionalized Ratio of Mean Chamber Flow Velo-

city (V) to Critical Nozzle Velocity (a*) Plotted as a Function

of J. Used in computation of nozzle losses by Hart and McClure

theory. Computed from experimental conditions using isentropic

theory.

Crocco and his co-workers later found experimentally that the real

part of the nozzle admittance was roughly twice as large as they had

predicted theoretically (Ref. 16). It was believed that this was due to

a departure from the initially assumed isentropic conditions.

In view of the disagreement of the predicted results with the present

experimental data and considering Crocco's results, a relatively simple,

one-dimensional analysis for a system with no mean flow was made. This

analysis assumed that the driving was done by a vibrating piston at the

head end of the chamber with a velocity

u = uo cos et (ii)

The nozzle was approximated by assuming that the aft end of the chamber

was coupled to a nonreflecting infinite tube with a diameter corre-

sponding to that of the throat of an actual nozzle. The ratio of the
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area of the tube to the chamber would thus correspond to J.

due to radiation to the smaller tube was considered.

Using the defining relation for

Only damping

2E
(12)

the values of E and E were computed from the linear analysis as

2 AcAt_, 0 cu o

A c A2sin2kL + A2cos2kLc

(13)

and

A

 U2oL [z + (..i)2 ]
A c %

(lh)

If it is assumed that a pressure anti-node exists at the nozzle entrance,

the above expressions can be used in Eq. 12 to give:

c (15)_=( )g"

It is interesting to note that here _ is independent of the upstream

boundary condition and depends only on the downstream area ratio.

When this expression is used in conjunction with the Hart-McClure

convective term, the following expression for the nozzle attenuation

constant results:

0*V* _ caN = -Vfi-J + ( ) T (16)

where the starred quanities refer to conditions at the sonic nozzle

throat and the unstarred quanities refer to the nozzle inlet conditions.

Assuming j2 <<i, one obtains

o'V* cJ+cJ=. (17)
0 c L L

h2
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Since J is small, the Machnumber is small and, therefore,

1

___.0"__:D*(_--_T
y - 1

/

o o
o

and

1/2

v* (_+___)C

substituting these relations into Eq. 17, the expression for m becomes

2($ + 1
- l) cJ cJ

2 __+__ (18)
a = (_) L L

For y = 1.2

cJ
a = 1.59 _-

(19)

and for y = 1.4

eJ (20)
--1.58 _-

The trend predicted by Eq. 20 is indicated by the solid line through the

experimental data points in Fig. 17.

Reference 17 gives a detailed derivation of the equations involved

in the one-dimensional, no-flow treatment and discusses how they were

used to obtain the final loss expression. Although the use of these

equations resulted in excellent correlations of the experimental data,

it would seem from the assumptions made that the agreement may be

fortuitous.

RESONANT FREQUENCY

Plots of the chamber resonant frequency versus J are shown in

Fig. 15. The frequency is nondimensionalized by dividing by the first

mode frequency of the test chamber treated as a closed-closed tube.
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The difference between the values of the experimental intercepts with

the vertical axis and the predicted value of one could be explained by

variations of the gas temperature, since the computed frequency was

based on a nominal gas temperature of h0°F, and by experimental scatter

of the data.

CONCLUSIONS

The present work was undertaken because of the difficulty of pre-

dicting the stability of rocket motor combustors. The objective was to

provide an inexpensive means for determining the acoustic attenuation

of axial modes of relatively complicated combustor cavities. The

method was proven by using a simple combustor configuration for which

losses could be roughly predicted, and the results of this preliminary

testing are presented. For the axially symmetrical geometries studied,

the results indicate the following:

i. Nozzle radiation losses increase approximately linearly with J.

2. Nozzle losses are independent of the way in which J is changed;

either by a change in the grain port area or the nozzle throat area.

3. The nozzle losses determined experimentally are greater than had

been previously predicted. However, the present results seem to agree

closely with a theory using a linear, no-flow nozzle admittance term and

the Hart-McClure convective term. For engineering design purposes, the

nozzle attenuation constant including both radiation and convection of

acoustic energy for first longitudinal mode oscillation can be approxi-

mated by

cJ
I

a = 1.59 L

h. The data and the theoretical analysis show that under the test

conditions both the acoustic bulk and wall losses were negligible com-

pared to the nozzle radiation losses for the axial mode of oscillation.

5. The experimental method was found to be a suitable_and promising

technique. The steady-state resonance method was applicable through the

J range of practical interest and can be used for attenuation studies
either with or without critical nozzle flow. The use of meters in con-

Junction with the X-Y-Y plotter in steady-state tests greatly improved

the accuracy and the speed of the data reduction formerly done from

oscillograph records alone.

In addition to the steady-state resonance method of determining the

attenuation constant, the possibilities and limitations involved in using

two decay measurement techniques were also investigated and are described

in the appendices. The pulse decay technique was not satisfactory due to
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the introduction of hot combustion gases and solid phase matter into the

chamber and because of multiple-mode excitation. The steady-state decay

technique was foun_ to be limited to rocket chambers with decay constants
less than 150 sec corresponding to geometries with small nozzle to

grain port area ratios (J less than 0.14). The results of these tests

were valid, however, and gave an independent confirmation of the attenu-

ation constant in the range where it could be applied. The results of

this investigation established the validity of the original concept of

the experiment, and provided valuable information towards development of

a fully automated test apparatus. When final construction is completed

it will be possible to routinely evaluate the acoustic response of various

solid or liquid rocket motors having more complex geometries, to test var-

ious chamber damping devices, and to carry out systematic investigations

for research. Since these tests can be run easily, quickly, and cheaply

compared to motor firings, and since geometrical effects can have serious

consequences on various motor processes, the use of this system as a de-

sign tool is strongly recommended.
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Appendix A

EVALUATION OF MODEL AND INSTRUF[ENT SYSTEM

A number of investigations were made regarding various aspects of

the model and instrument system behavior. These tests were motivated

primarily to establish the accuracy of the data and to discover reasons

for certain characteristics of the system.

Tests were run to examine the behavior of the chamber oscillations

and half-power bandwidth Q as a function of the driving or rotary valve

inlet pressure. These tests were run for both a 3-6 and a 6-3 geometry.

The results for the latter case are shown in Fig. 20. The conclusions

from these tests were: (I) the valve pressure does not alter the basic

level of off-resonance chamber response, (2) this suggests that the

basic off-resonance response level is due to noise associated with the

particular geometry being tested, and (3) that Q is essentially the

same for all rotary valve inlet pressures as long as it can be read

above the off-resonance noise level and is read from the no-flow base

line.

Tests were run to determine the noise level as a function of nozzle

size. For these tests the various nozzle end plates were fastened to

an empty chamber. The rotary valve was blocked off from the prechamber

and the flow was supplied from the mean or DC flow system only. Since

the abscissa of the X-Y-Y plotter was actuated by the frequency signal

from the valve, the valve was run through the usual frequency range to

obtain a plot analogous to the other test records. The X-Y-Y plotter

sheet from this series of tests is shown in Fig. 21. A graph of the

results, where the electric zero values have been subtracted out, is

given in Fig. 22. The conclusions from these tests were: (i) the

system noise for any particular geometry is primarily aerodynamic,

(2) maintaining a chamber pressure level of 20 psig, there is a large

increase in the noise level as the nozzle size is increased.

Tests were run to determine whether the above increase in the noise

level was due to the larger circumference associated with a larger

nozzle. For this test, another nozzle end plate was made which had

two nozzles instead of the usual one but which had the same total nozzle

throat area as the No. 1 nozzle (throat diameter = 0.627-inch). For

this arrangement, the total circumference of the two-hole nozzle is

1.414 times the circumference of the single nozzle. The conclusion from

this test was that since the amplitude response was essentially identi-

cal for the two geometries at frequencies other than at resonance
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Q = _ at valve inlet pressure
Af

554 = 61.6 at 18:5- 185 psigQI =

. 55:5 = 61.5 at 102
Q2" -_

Q3 = 552= 61.4 at 769

54.8. 61.6 at no input,
Q4= 9

valve exit open

Q5 = none at no input, valve
exit closed

FIG. 20. Chamber Response Versus Frequency. Taken to study effect of

upstream rotary valve inlet pressure on chamber oscillation strength

and Q. Nozzle No. 3 (throat diameter = .375 inch). J = .Oll5. Chamber

pressure = 20 psig. Test No. 2-16-65-3.
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Noise level (RMS Volts)

I. Nozzle !
2. Nozzle 2
:5. Nozzle :5
4. Nozzle 4
5. Nozzle 5
6. No nozzle-no flow
7. Electrical

1.5 - 1.6 v t

1.05- 1.2 v
0.5- 0.6 v
0.29 v
0.29 v
0.25- 0.:55

noise level 0.24 v

No flow
through
rotary valve

FIG. 21. Chamber Response Without Excitation Versus Frequency. Taken

to study effect of nozzle size (mean flow) on chamber noise level.

Nozzle throat diameters: No. 1 = .625 inch; No. 2 = .500 inch; No. 3 =

•375 inch; No. h = .250 inch; No. 5 = .125 inch. Chamber pressure =

20 psig.
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FIG. 22. Increase in the Chamber Acoustic Noise Level With Increasing

Nozzle Throat Area (and Hence Flow Rate) for Constant Chamber Pressure of

20 psig and Grain Port Diameter of 3.5 Inches.
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(Fig. 23), the chamber noise was due either to flow through the porous

plate at the head of the chamber or to turbulent noise from flow along

the inside of the model chamber.

Tests were run to examine the noise level and Q as a function of

the chamber pressure. It was believed that a 6-3 geometry would be

representative of both the geometry range and J range of the tests in

this work and this was used. One test was at a chamber pressure of

40 psig, one at 30 psig, and one at 20 psig. The data is presented in

Fig. 2h. The conclusions were: (i) a higher chamber pressure, and

consequently a higher mass flow rate, results in higher noise levels,

(2) higher chamber pressure, and consequently a higher mass flow rate,

also results in higher resonant peaks (presumably more random acoustic

energy is available to be converted into an orderly resonance response)

and (3) Q of the chamber is essentially unchanged as long as the chamber

pressure is high enough to insure a critical nozzle throat condition.

Tests were run to examine the change in level of the chamber oscil-

lation strength as the mean flow is increased (see paragraph above) by

increasing chamber pressure. These two parameters are plotted along

the ordinate and abscissa respectively of Fig. 25 which shows the test

results. The tests were run using a 6-3 geometry. The slope of the

acoustic pressure amplitude curve changes slowly in the vicinity of the

critical pressure ratio and appears to approach lines of constant slope

5O
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FIG. 23. Behavior of Chamber Noise Level as Function of Nozzle Throat

Circumference for Same Nozzle Throat Area: Nozzle No. 1 Versus Dual

Nozzle, Chamber pressure - 20 psig.
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Appendix B

COMPARISON OF LOSS MEASUREMENTS USING VARIOUS DECAY TECHNIQUES

In the main part of the report, the response of the system to a

quasi-steady-state driving frequency was analyzed. This gave a reso-

nance curve from which the acoustic attenuation constant was derived.

However, the rate of energy loss from a resonant system can also be de-

termined from the decay of its free vibrations. Since there are test

situations where it would be inconvenient to use the steady-state equip-

ment, the use of various decay techniques were investigated. These in-

cluded pulsed driving of the chamber using both blank cartridges and a

burst diaphragm and the measurement of the decay of the wave shape from

its steady-state performance. The results of this work show that while

there is considerable discrepancy between the pulse results and the

previous steady-state data, the agreement is quite good using the steady-

state decay measurements.

BLANK CARTRIDGE PULSE TESTS

In this technique a blank cartridge was used to generate a pulse

with a sharp front. It was assumed that the acoustic energy of the

harmonics making up the pulse shape would drive the various frequencies

of the cavity with the fundamental axial mode being predominant. Once

excited and the driving source removed, the acoustic pressure for each

mode of vibration will decay exponentially at its own frequency and at

a rate determined by its particular damping constant. A sound-pressure

decay curve obtained from an oscilloscope trace of the chamber response

should therefore give the necessary data to determine the acoustic

attenuation constant for a given motor geometry.

The model hardware used to conduct these tests was essentially the

same as described previously for the steady-state work. Now, however,

the Varidrive motor was disconnected from the prechamber, and a pulse

generating device referred to as the "gun" was introduced to the chamber

cavity.

At first, the excitation pulse was formed by a small black powder

charge loaded into a steel tube which passed through the prechamber and

into the chamber. The charge was ignited by a shorted bridge wire.

Later, in the interest of safety and repeatability, the hardware was

redesigned (Fig. 26) to fire either a .32 caliber or a .22 caliber

blank cartridge, an adapter being slipped into the receiver end of the

tube when using the latter. A cap was screwed onto the end of the tube

which received the shell. This cap had a solenoid actuated firing pin

suitable to the type of cartridge being fired, i.e., the center-flre

.B2's or the rim-fire .22's.
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FIG. 26. The Disassembled and Assembled Pulse Gun Hardware

Used to Fire Blanks in the Transient Response Tests.
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The central location of the gun muzzle at the head of the chamber

precluded the use of this spot in the chamber for a transducer. Thus,

transducer mounting holes were placed in each of the nozzle end plates,

Just off-axis so as not to interfere with the interior nozzle geometry,

so that an external transducer could be flush-mounted with the interior

end plate. A 0 to 200 psig Photocon transducer was used to monitor the

AC chamber response.

As before, the primary air supply entered the model via the pre-

chamber and, hence, through the perforated and porous steel plates

separating the prechamber from the chamber.

Figure 27 is typical of the pulse decay oscilloscope traces ob-

tained using this method and shows that as J decreases for a given

nozzle size, corresponding to increasing the grain port area, the motor

cavity becomes considerably more conservative. The acoustic attenuation

constants determined from these records were much higher than those ob-

tained previously using the steady-state resonance technique and are

presented in Table 5.

TABLE 5. Blank Cartridge Data, Nozzle No. 3

Test j '
number

i L

I n i

184

182A

181A

182

181

180

61

• , i i

216

217

218

219

220

221

I flU , i i

I Chamber j fo' a'
Geometry J pressure,, cps sec "I

pslg
| I

Commercial

1-3

2-3

3-3

4-3

5-3
6-3

6-3
i i

1-3

2-3

3-3

4-3

5-3
6-3

A. .22 Blank
I

o.14o7

0.0625

0.0351

0.0225

o.o156

o. o115

0.0115
i i

B. .32 Blank
, l |

0. 1407

0.0625

O. 0351

0.0225

0.0156

0.0115

20.0

20.5
20.5
21.0

20.0

19.2
20.0

i u , i

Commerc ial

20.0

20.0

20.5

20.7

20.9

20.8

| ,

ii

..e

1095

1010

867

766

691

662

qQo

1150
1122

1039

834

662

i i

oee

727
537
276

91
58
92

176

lOb

96

85
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Test 184 J = .1407 Test 182A J = .0625

Test 181A J = .0351 Test 182 J = .0225

Test 181
J = .0156 Test 180 J = .0115

FIG. 27. Oscilloscope Records for .22 Blank Pulse Tests Using Nozzle

No. 3 and Increasing Grain Port Area. Chamber pressure = 20 psig.

Horizontal sweep = 5 millisec/cm. Vertical sweep = 2.77 psi/cm.
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To determine the reason for the difference between the pulse test

data and those obtained in the steady-state tests and to further eval-

uate the pulse concept for possible future use, several additional

tests were made. These included test runs to determine the effect of

shell caliber; the possibility of "tailoring" the pulse by recrimping

the cartridge in various ways around the end wadding, thereby producing

a blank with different firing characteristics ; and the influence of

condensed phase or particle damping both through the use of different

powders and special home-loaded cartridges containing a load of 10-

micron aluminum oxide particles. The physical characteristics of these

shells are listed below:

.22 Short I Commercial - Winchester .22 Short Blanks, extra loud

report, containing 186 + 3 milligrams of 3 F-G black powder.

.32 Commercial - Winchester .32 Blanks, extra loud report, con-

taining 230 m iiiigrams smokeless powder.

.22 Shorts, Uncrimped and Neck Crimped - Home loaded .22 short
blanks containing 70 milligrams of Dupont bulk smokeless powder and

wadding.

.22 Short m Roll primped - Home loaded .22 short blanks containing

approximately 80 milligrams of Dupont bulk smokeless powder and wadding.

.22 Long. Neck Crimped - Home loaded .22 long blanks loaded first

with 70 milligrams Dupont bulk smokeless powder, no separator, then

60 milligrams of l0 micron aluminum oxide (A1203) polishing compound,
and finally wadding.

Fig. 28 shows representative oscilloscope traces, and Table 6 gives

the resulting attenuation constants and frequencies observed.

TABLE 6. Special Blank Cartridge Data a

58

Test
Shell type

numb er

223

224

234

225

232

233

214

215

i,, t , , t

Chamber

pressure,

psig

20.0

20.0

21.5

20.0

20.4
I

20.0

20.0

21.0

, l i , i

i ]

.22 Short Uncrimped

.22 Short Roll Crimp

.22 Short Neck Crimp

.22 Short Commercial

.22 Long, Neck Crimp

.22 Long, Neck Crimp

.32 Commercial

.32 Commercial

, i ,,i

fo'

cps

571

579

59O

754

6O9

59O

697

697

L1
sec

33.5

61.7

67.0

ll4.3

90.7

64.4

91.3
61.8

i _

apulse Test Data of 30 December 1964, Geometry: 6-4;

J = 0.0051.
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Test 223 .22 Short, Uncrimped Test 221+
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.22 Short, Roll Crimped

rest 234 .22 Short, Neck Crimped Test 225 .22 Short, Commercial

Test 232 .22 I_n_, Special Test 21Z .32 Commercial

FIG. 28. Oscilloscope Records Using Specially Loaded Blank Cartridges

_o Determine Effects of End Crimping, Condensed Phase Material, and

Shell Caliber. Geometry 6-4. Chamber pressure = 20 psig. Horizontal

sweep = 5 millisec/cm. Vertical sweep = 2.77 psi/cm.
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BURST DIAPHRAGM PULSE TESTS

The high frequencies measured in the blank cartridge pulse tests

indicated that the pulse cartridge introduced hot combustion gases into

the model chamber and so changed the character of the working fluid.

Subsequent calculations for two limiting flow cases were able to bracket

the frequencies observed. Thus, to (1) remove the temperature change

effect, (2) use a working fluid with known properties, and (3) remove

any condensed phase material, tests were run using a burst diaphragm to

replace the shell.

The same gun barrel arrangement as before was used but with the

firing pin assembly replaced by a very short driver chamber. The dia-

phragm was of .003-inch brass shim stock, scored, and broken by in-

creasing the driver pressure.

Figure 29 is typical of the oscilloscope traces obtained using this

technique. The acoustic attenuation constants determined from these

records were not as large as those obtained using the blank cartridges

but were still higher than the steady-state resonance results. Table 7

gives the decay frequencies and calculated attenuation constants for

these tests.

i

Test

number

i i ii

iii

333

327

324

322

332

331

l i i

328

326

323

320

319

316

TABLE 7. Burst Diaphragm Data, Nozzle No. 4

| |

I
I
1

i i i

Geometry

L

| I I

l-h

2-4

3-4

4-4

5-4
6-4

i i i

1-4

2-4

3-4
4-4

5-4
6-4

i

A.

0.0625

0.0275

0.0156

0.0100

0.0069

0.0051

Chamber

J pressure,

psig

Sonic Nozzle
i ,i

2O

20

20

20

20

20
ii

B. Subsonic Nozzle
i

0

0

0

0

0

0
i

|

0.0625

0.0275

0.0156

0.0100

0.0069

0.0051

i J i, ,,,- I

fo' _ '
-1

cps sec

i

563

573

569

571
i

i ,

563

572

572

578
i

114

82
71

48

272

190
106

8o
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Test 333 J -- .0625 Test 327 J = .0275

Test 324 J = .0156 Test 322 J = .0100

Test 332 _ J = .0069 Test 331 J = .O051

FIG. 29. Oscilloscope Records From Burst Diaphragm Tests Using Nozzle

No. 4 and Increasing Grain Port Area. Chamber pressure = 20 psig.

Horizontal sweep = 5 millisec/cm.
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STEADY-STATE DECAY TESTS

There were several possible reasons for the higher decay rates ob-

served in the pulse tests. To determine which factors were relevant,

however, required greater control of the driver. This was possible

using steady-state decay tests.

In this technique, the chamber was driven acoustically through the

gun barrel assembly at the head of the chamber by an electro-pneumatic

driver (Ling Model EPT-94A) which modulated a small portion of the in-

flow. The advantage of this device was that, because of its high damp-

ing rate, the valve could be cut off within one cycle (unlike the Vari-

drive system) and the decay of the standing wave in the chamber observed.

Since prior to cut-off the valve was tuned to the resonant frequency of

the chamber, higher order harmonics (such as appeared in the burst

diaphragm tests) were avoided giving the damping constant associated

with a particular mode.

The results of these tests are tabulated in Table 8 with oscillo-

scope records shown in Fig. 30. The upper curve in each of the pictures

is for the pressure measured in the motor chamber. The lower curve is

for the driving function supplied by the Ling valve. As can be seen,

the driver damping is quite rapid. The acoustic attenuation constants

obtained from these records agree very closely with those calculated

from the steady-state resonance results.

TABLE 8. Steady-State Decay Data, Nozzle No. 3

Test

number

7-20-18

7-20-16

7-20-13

7-20-10

7-20-21

7-20-19

Geomet ry

i i

i-3

2-3

3-3

4-3
5-3

6-3

i i

o.14o7
o.o625
0.0351

0.0225

0.0156

0.0115

Chamber

pressure,

psig
i i

%20

%20

_20

_20

_20

_20

, , ,,,

o
-i

cps sec

133 .i

560 91.1

561 45.1

556 35.5

556 19.3
i

DATA REDUCTION

The data reduction procedure for the transient tests was consider-

ably easier than the procedure used for the oscillograph steady-state

tests, but not as convenient as the automated system. A test record

such as those shown in Fig. 30 was taped down, a piece of tracing paper
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Test 7-20-1 8 J = .IA07 Test 7-20-16 J = .O625

Test 7-20-13 J = .0351 Test 7-20-10 J = .0225

Test 7-20-21 J = ,0156 Test 7-20-19 J = .0115

FIG. 30. Oscilloscope Records From Steady-State Decay Tests Using

Nozzle No, 3 and Increasing Grain Port Areas. Upper trace is chamber

response. Lower trace is driving function. Chamber pressure = 20 psig.

Horizontal sweep = 5 millisec/cm.
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placed on top, and an envelope for the curve drawn through the peak

pressure points. Then, starting with one peak, the width of this en-

velope was measured at several consecutive decreasing pressure peaks.

Knowing the scope sweep rate, the frequency was determined using these

same pressure peaks, and thus the time between each peak or the period

was known. These results were plotted on semi-log graph paper, a typi-

cal graph being shown in Fig. 31. A straight line was drawn through

the greatest number of points, since the probable accuracy of the data

would not Justify further treatment.

IO

|

P

I I

2 4 6
time

Pulse Decay Data Reduction

FIG. 31. A Typical Intermediate Graph Used in

the Data Reduction to Obtain the Acoustic Atten-

uation Constant. Each point is for a consecutive

pressure peak.

A straight line correlation of the data is equivalent to assuming

an exponential decay rate and therefore one may write:
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-at

p = po e

in p = in Po - at

2.3 log p = 2.3 log Po - mt

(21)

mt

log p = log Po - 2.-'_

here log p_ is the intercept with the y-axis and m is the slope of the

line. Thi_ slope can be determined by taking two points and use of

Eq. 14.

Thus

log P2 " log Pl (22)

= 2.3 tl- t2

or to account for scale factors of the graph

(cycles
(A log p inches) , inch •,

(, = 2.3

(A t inches) (seconds)
inch

(23)

The value of a may thus be determined by direct measurement of the

differences between the abscissas and between the ordinates of any two

points on the graph. The differences between the abscissas and between

the ordinates of two points may now be measured directly with a ruler

from the graph paper. In the present work, the points were taken at

the extreme left and right when possible so as to measure the largest

possible values and thus reduce the error.

TEST RESULTS AND DISCUSSION

The attenuation constant as a function of J obtained by the above tech-

niques are plotted in Fig. 32. The observed frequency as a function of J

for each is plotted in Fig. 33. The attenuation constants obtained from

the burst diaphragm tests using Nozzle No. 4 were not plotted with these

data but, when compared with other Nozzle No. 4 data, they were between the

blank cartridge and steady-state results. The pulse techniques showed
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higher losses than either the steady-state resonance or the steady-

state decay tests. Though sufficient tests were not made to definitely

establish the reasons for these differences, the following factors are

believed to contribute to the increased damping

1. Temperature Effect

2. Condensed Phase Damping

3. Appearance of Higher Modes, resulting in:

a. Increased viscous damping

b. Phase drift of different modes resulting in drift of

wave form and apparent change in "decay rate"

The steady-state decay results are essentially the same as those

from the steady-state resonance technique. This strongly supports the

use of the lumped parameter, half-power bandwidth method for simple

geometries since the decay measurements involve no assumptions and are

thus a more direct, though somewhat more laborious, method of getting

the attenuation constant.

CONCLUSIONS CONCERNING DECAY METHODS

The following interpretations and summary of results of the decay

rate tests can be made:

1. Pulse tests using a blank cartridge are not as simple as

originally thought in that they alter the working fluid by changing

the gas temperature, the gas composition, and are apt to introduce

condensed phase material causing particle damping.

2. Pulse tests using either a blank cartridge or a burst diaphragm

showed that there was virtually no control on which acoustic modes of

the cavity were driven. Thus, the test records exhibited multiple-

mode decay which quite possibly resulted in higher attenuation constants.

3. By the steady-state decay technique the characteristics of the

working fluid in the chamber were known and it was possible to control

the mode frequency to be studied.

4. The steady-state decay technique gave an independent confir-

mation of the lumped parameter, half-power bandwidth method of de-

termining the attenuation constant. The use of this technique there-

fore strongly supports the previous steady-state resonance data since

the decay measurements involve no assumptions and are thus a more direct

method of getting the attenuation constant.

66



NAVWEPS REPORT ,8_),7,1

ll

i'_ _ _/I "_ _ • L;'

• • _/]/

5. Although the steady-state decay technique is a direct method

of determining the attenuation constant, it is limited at present to

geometry configurations with small J values. This is due to the ex-

tremely rapid damping that occurs at higher J's. Using the steady-

state resonance method all geometries could be tested.

800,

a (sec -' )

700

6OO

5OO

400

300
[]

[]

.22 Blank

0 Steady State Resonance

/1 Steady State Decay

I-1 .22 Pulse

.32 Pulse

,52 Blank

200

I00

Steady State Resonance

and Decay

0 I I I I I I

0 .02 .04 .06 .08 . I0 12 .14

FIG. 32. Comparison of the Attenuation Coefficients Obtained Using

Steady-State Resonance Technique With Those From Steady-State Decay and

Blank Cartridge Tests. Chamber pressure = 20 psig. Nozzle No. 3

(throat diameter = 0.375 inch).
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1200

f (cps)

I100

I000

900

800

"70O

6OO

5OO

/
/

..-...--.-----0

,s
I/

J
/

/

/
0 Steady State Resonance

/1 Steady State Decay

[] .22 Pulse

. :52 Pulse

400 t
0 .02 .04 .06 .08 .10 .12

J

.14

FIG. 33. Comparison of the First Mode Resonance Frequency Obtained

Using Different Means of Excitation. Chamber at 20 psig. Nozzle #3

(throat diameter = .375 inch).
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